We discuss the susceptibility of zinc-blende semiconductors to band-structure modification by insertion of small atoms at their tetrahedral interstitial states. GaP is found to become a direct-gap semiconductor with two He atoms present at its interstitial sites; Si does not. Analysis '-' In this work we will examine filled tetrahedral compounds whose electronic structures represent recognizable distortions of the underlying (parent) binary CA materials and, through the techniques of self-consistent band theory, 7 study the filling-induced changes in total energy, charge density, and band structures. Particular emphasis will be placed on the degree to which filling the empty tetrahedral interstitial sites can alter the direct versus indirect nature of the lowest optical gaps. Defining the "degree of indirectness" 5= 2(ED -El)/(ED+ Er) in terms of the direct (ED) and indirect (EI, evaluated here at the X point in the Brillouin zone) band gaps, we will determine, following Rompa, components of the charge density, a BZ sampling of two special k points and a self-consistency tolerance of~0.4 mRy are sufficient to assure a precision of 0.02 eV in the band energies and 2 mRy in the relative total energies. For each system we minimize the total energy with respect to the lattice parameter, keeping the He atoms in the tetrahedral interstitial sites.
(0.74). These "homeotect" structures may be characterized by the existence of four vacant ( V) lattice sites (holes) at the tetrahedral interstitial sites nearest the anion A (sites Vq) and four nearest the cation C (sites Vc), both at the normal nearest-neighbor tetrahedral distance. Hence, as we traverse the (111) body diagonal in the zinc-blende CA crystal, with the origin, say, at the cation site C(0, 0, 0), we encounter the anion A at (~,~,~), the V~site at (~,~,~), and the Vc site at (~,~,~), both unoccupied in normal tetrahedral structures. We may structurally designate this arrangement as V~CA V~. While this minimal packing fraction reflects the effectiveness of pure sp3 tetrahedral bonding in forming stable compounds with low coordination number, denser packing is by no means unusual in these structure types.
This can be effected by diffusion of interstitial impurities (e.g. , the 3d impurities("' or H, He, and Li in silicon, 2("~o ccupying the V~= Vc sites), by stoichiometric substitution of one type of vacant site (e.g. , the Nowotny-Juza C"Av V~compounds3 with V~t =Li, Cu, Ag, C"=Be, Mg, Zn, Cd, and 3 =N, P, As, Sb, and Bi, the antifluorite compounds4 MgAvMg with Av= Si, Ge, Sn), or by substitution of both types of vacant sites (e.g. , the 832 Zintl compounds5 LiAl, NaT1, or the L2i Heusler alloys V~MnA V~, with V~= Vc = Co, Ni, Cu, Pd and A = Al, In, Sb, Sn). We refer to the structures with partially or completely occupied V~and Vc sites as "filled tetrahedral compounds. '-' In this work we will examine filled tetrahedral compounds whose electronic structures represent recognizable distortions of the underlying (parent) binary CA materials and, through the techniques of self-consistent band theory, 7 study the filling-induced changes in total energy, charge density, and band structures. Particular emphasis will be placed on the degree to which filling the empty tetrahedral interstitial sites can alter the direct versus indirect nature of the lowest optical gaps. Defining the "degree of indirectness" 5= 2(ED -El)/(ED+ Er) in terms of the direct (ED) and indirect (EI, evaluated When constructing a pseudopotential for He, then, it is natural to adopt a configuration which places the 1s orbitals in the core (unlike that used by Bachelet, Hamann, and Schluter in their He potential'4), thereby generating (using the SIC procedure'7) an essentially repulsive potential (since the 1s orbital is pseudized by the 2s). Its radius reflects the core size of He, much as does an empty core pseudopotential, defining a volume excluding other e1ectrons through Pauli repulsion. Hence, in our calculations the presence of helium atoms will be manifest not by where valence electrons are found, but rather by where they are not found The.
problem of finding the changes induced in the electronic structure by insertion of He atoms in the empty interstitial sites is now mapped into the more transparent problem of calculating the response of the host electronic structure to electron-repelling potential wells at these sites.
With this formulation of the problem, it is straightforward to understand the potential susceptibility of zinc-blende materials to band modification by insertion of closed-shell atoms at the interstitial sites. The high tetrahedral symmetry, but different chemical content, of the occupied C and A sites in the (highly directional) sp -bonded zinc-blende materials implies very different, quite spatially inhomogeneous charge distributions for Bloch states P"a(r) (of band index n, wave vector k) for different high-symmetry points in the BZ (band-by-band or state selectivity of the charge density), unlike the roughly uniform valence charge density for, e.g. , s electron metals. Moreover, the vacant interstitial Vã nd V~sites possess this same high symmetry, and perturbing potentials centered on these sites will selectively affect bands associated primarily with these sites. One expects the principal effect of insertion of a closed-shell atom on a given state to be simply expulsion from the Pauli exclusion volume of its contribution to the valence charge density (thereby raising the kinetic energy of the corresponding orbitals, and hence the single-particle band eigenvalue for this state). These circumstances raise the possibility that filling the tetrahedral sites will have a chemically specific, selective effect on certain bands.
The emphasis above on sites and excluded volume makes it natural to seek an explanation in the charge densities for the relevant states. Whereas the charge densities of the occupied (bonding) bands at Vz and Vc are small, even a minor rearrangement can have a major effect on their antibonding (i.e. , conduction band) counterparts
In Fig. 1 we. display for GaP and Si the partial (pseudo) charge density p"a(r) =~p "q(r)~2 in the zinc-blende (110) plane for the lowest conduction bands at X (X3, and Xt, for GaP, X, for Si). In all cases regions of high charge density are indicated by dot shading; diagonal shading indicates low charge density. This figure suggests the lowest conduction bands will show extreme selectivity with respect to insertion of closedshell atoms: the X3, (Xt,) band density has maxima (minima) at or near Vc and minima (maxima) at or near Vq, whereas the I t, band (not shown) has a much smaller V&-V~charge-density disparity. Figure 2 shows Fig. 1(c The system has become a direct-gap material. However, in contrast with HeoaPHe, we find LiZnP to be stable towards disproportionation.
In fact, we find a preference for Li to reside at Vp 
